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THMlRY OF PULSE DISCHARGES I N  A LIQUID MEDIUM ++m 
V .V .Arsent ' yev 

d -  

Study of cer ta in  phenomena occurring during underwater spark 

discharges. Equations f o r  the energy balance, the n d e r  of 

par t ic les ,  and tine rate 01 eqai&ofi of ;i thmriel zre & t a b &  

for underwater discharges during the  first quarter  of a period. 

It i s  shown t h a t  there exists a steady-state regime of channel 

expansion and shock-wave motion, during which time the char- 

a c t e r i s t i c  parameters have constant values. 

made of these steady-state values. 

A calculation i s  

1. A pulse discharge occurring i n  a l iqu id  medium i s  accompanied by the 

penetration of l iqu id  pa r t i c l e s  i n to  the channel. 

a variable number of par t ic les .  

explosion of wires under water (Bib l .1)  as w e l l  as by the f a c t  t h a t  the  pressure 

i n  the expanding channel remains constant f o r  some time i n  the presence of an 

insignif icant  change i n  plasm temperature (Bibl.2). 

The channel i s  a system with 

This is substantiated by studies on the e l ec t r i c  

The penetration of pa r t i c l e s  i s  conditioned by the heating of the  l iquid a t  

the periphery cf the channel. 

p a r t i c l e s  of plasma and l iquid; the contribution of radiation and recombinations 

The heating i s  chiefly due t o  col l is ions between 

in which th i rd  pa r t i c l e s  take p a r t  cannot be significant.  

i n  a gaseous layer  between the plasma and the l iqu id ;  pa r t i c l e s  from t h i s  layer  

en ter  t h e  spark channel where they undergo fur ther  heating, dissociation, and 

p a r t i a l  ionization. 

0 Numbers i n  the  margin indicate pagination in the or iginal  foreign text.  

The heating results 
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The ra-e of penetration of par t ic les  i n to  the channel i s  d i r ec t ly  propor- 

t i ona l  t o  the r a t e  of energy t ransfer  by col l is ions a t  t h e  channel periphery and 

inversely proportional to  the vaporization energy per par t ic le .  

energy t ransfer  from the ith plasma component may be set a t  

The r a t e  of 

Here, Nl i s  the  number of par t ic les  of the  ith component, u, i s  the mean 

thermal velocity, m and m, a r e  the  masses of the l iquid molecule and plasma 

par t ic le ,  respectively; a i s  t h e  channel radius, Ael i s  t h e  mean energy trans- 

ferred during coll ision. 

= l/LuN/V, determining the number of col l is ions between molecules and uni t  area 

per  uit t h e ,  we obtain f o r  the r a t e  o f  penetration of the par t ic les :  

From eq.(l.l) and f r o m  the gas-kinetic fomula z = 

Here, q i s  the heat of vaporization per particle.  

A theore t ica l  calculation of the coefficient n i s  re la t ive ly  unreliable, 

since it involves extremely arb i t ra ry  assumptions. 

termined with the aid of any experimental study serving to p lo t  the  curve of the 

discharge power and t o  determine an arbi t rary channel characterist ic.  

analysis  of the experimental findings by Skvortsov e t  al. (Bibl.2), we obtain /52 

T h i s  coeff ic ient  may be de- 

From an 

= 1/24. 

2. The energy delivered t o  the underwater spark channel by the  discharge 

c i r c u i t  i s  expended on increasing the in te rna l  energy of the channel and on gen- 

e ra t ing  a shock wave and radiation; t h e  radiation l o s s  i s  negligible. 

y s i s  of the current oscillogram and discharge voltages indicates t ha t ,  during 

the first quarter of the period, the time dependence of t h e  e l e c t r i c  power i s  

An anal- 
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I n  the  presence of low degrees of ionization, the mean energy per  plasma 

pa r t i c l e  is 

8 E 't,kkT ed 1 v 

where v i s  the number of atoms in a l iquid mlecule, and c 4  is the  dissociation 

energy of the molecule. Then, the change in in te rna l  energy of the channel per  

un i t  time will be 

(2.2) pi = (Ne)' = 'I,kN'T + V&NT' + N'Q I v 

For the power transmitted to the  shock wave, the  following relat ion ap- 

pl ies :  

Here, a' is the rate of expansion of the  channel. Equations of the shock- 

wave theory indicate t h a t  half of this power is  expended on compression of the 

l iquid and the other  half ,  on i t s  movement. The relat ions (1.2), (2.1), (2.2) 

and (2.3) lead t o  the equations 

The system (2.4) contains three unknown functions (I?, NT, a )  and must be 

closed with hydrodynamic equations. 

3 .  The hydrodynamic equations i n  general form, wi th  constraints f o r  the 

channel boundary and the  shock-wave f m n t  cannot be used f o r  solving the  problem 
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because of t h e i r  high nonlinearity. 

A simplifying factor  i s  the experimentally established constancy of the  

r a t e  of channel expansion during the first quarter of the  period (Bibl.2). 

ing i t s  expansion, the discharge channel has the  s a m e  e f fec t  on a l iquid as the 

e f fec t  t h a t  muld  be produced by an expanding cylindrical  piston. 

problems of the  motion of a medium, displaced by a piston, have been considered 

i n  various s tudies  (Bibl.4, 6). I n  self-modeling problems, the  conversion t o  

dimensionless variables transforms the equations of hydmdynamics t o  a system 

0-f ordinary d i f f e ren t i a l  equations, 

pansion i n  water, these equations cannot be integrated i n  analyt ic  form. 

Dur- 

Self-nodeling 

However, even a t  constant rate of piston ex- 

Under such conditions, an additional simplifying fac tor  i s  required; the 

incompressibility of t h e  f l u id  between the channel and the  shock front  could be 

adopted as such a factor  since, i n  t h i s  region, the f lu id  i s  compressed by the 

shock wave and the subsequent variations i n  density need not be taken in to  ac- 

count in the calculations (Bibl.2). 

An integration of the  hydrodynamic equations (assuming incompressibility) 

Li2 leads t o  t he  equation f o r  the pressure f i e l d  i n  the form of 

where p. i s  the  pressure i n  t h e  channel, po i s  the density of the unperturbed 

l iquid,  and R is the  radial coordinate of the shock front. 

The movement of the channel boundary i s  d i r ec t ly  connected with the propa- 

The pulse transmitted once every second by the gation of the shock-wave front. 

channel t o  the  ambient l iquid equals the change i n  momentum of t h e  l iquid be- 

tween the  shock front and the channel. 

in this region i s  cut off  by the  radial  coordinate of the shock front,  which 

The in tegra l  of the pulse f o r  the l iquid 



eliminates the divergence of t h e  integral. 

The expression f o r  the in tegra l  of the  pulse reads 

where u i s  the veloci ty  of t he  l iquid particles.  

t h a t  

From eq.(3.2), it follows 

The solution of the self-modeling problem of movement of the medium under 

the act ion of a piston expanding a t  a constant rate leads t o  t h e  conclusion tha t  

the  attendant shock wave also propagates a t  a constant rate and i s  characterized 

by a constant pressure a t  i t s  front. 

erated by underuater discharges confirm the  constancy of the  wave-front velocity 

i n  the presence of a constant r a t e  of channel expansion (Bibl.2). 

f i e s  the  assumption tha t  an = 0, a/R = a'/D i n  eq~~(3.1) and (3.3) which, a f t e r  

logarithmic expansion, yields  

Experimental. findings on shock waves gen- 

This jus t i -  

From the first equation i n  t h e  system (3.L) it follows tha t ,  f o r  a channel 

expanding a t  a constant rate, the  pressure atAshock front  i s  lower than tha t  i n  

the  channel, 

t i n u i t y  of  incompressible f luids ,  we obtain the  following formulas: 

the 

From the  Rankine-Hugoniot equations and the  equation of con- 

(u = par t i c l e  velocity a t  the wave f ron t )  

The substi tution of eq.(3.5) i n t o  eq.(3.4) results i n  two quadratic equa- 

5 
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t i ons  with respect t o  the  velocity of the f ront  D; a comparison of t h e i r  coef- 

f i c i en t s  yields  the equation fo r  determining the r a t e  of expansion of t h e  chan- 

ne1 

I 

I 4. The pressure in the channel 

From this, taking into account 

expansion, it follows t h a t  

can be expressed i n  the form of 

eq.(3.6) and the constancy of the rate of /sr, 

I (L.1)  
1 .6nple'4f9 

k NT = 

Solving the system (2.4) with respect t o  Pi' and equating it with eo,.(&.l) 

we obtain the  equation for a' 

The second term i n  t h e  denominator on the  left-hand side of 

neglected; then, 

(L.2) 

~ ~ ( 4 . 2 )  can be 

after which the  plasma temperature in the  channel can be obtained from the solu- 

t i o n  of eq. (2.4) 

F r o m  eq. (4.4) it follows that the plasma temperature remains constant in 

the  presence of a l i nea r  increase i n  the e l ec t r i c  power delivered t o  the channel 

by the  discharge circui t .  For t h e  pulse discharges familiar f r o m  engineering 
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practice,  the r a t i o  y1 varies within 3 X l d3  - 3 X ld5 w/sec m a t  which the  

temperatures reach lo* - 2 X l o4  OK. 
0.26 phenry, Martin (Bibl.1) obtained a value of y1 = 1.3 X 1O1'w/sec m, which 

corresponds t o  a calculated temperature of 2.72 X lo4 OK. 
ture depends only weakly on yl. 

the  discharge on introduction of an inductance i s  not accompanied by a marked 

temperature drop. 

By reducing the c i r c u i t  inductance t o  

The channel tempera- 

T h i s  explains the f ac t  t ha t  the retardation of 

Solution of the systen (2.4), f o r  the n d e r  of pa r t i c l e s  i n  the channel N, 

y ie lds  

i (Yl) l p  
ad I v + 5kfe"(Ti)l'* 

N =  
1 

and, for  the density of the pa r t i c l e  flux a t  the channel boundary, 

(4.6 1 

According t o  eq.(4.6), the  pa r t i c l e  flux density in the channel i s  high, 

being of the order of lO"4 - 1026sec"cm'2. 

channel, eqs. (4.3) and (4.5) yield 

For the pa r t i c l e  density within the 

I n  accoxdance with eq. (L .7) ,  in the presence of a l i nea r  increase in the 

pulses of the e l e c t r i c  power, the  density of the pa r t i c l e s  i n  the plasma is con- 

s ta t .  

sated by the influx of pa r t i c l e s  across the channel wall. 

i s  of t h e  order of ldd" - loa' 
than by the temperature. 

The decrease in density due t o  the expansion of the channel i s  compen- 

The pa r t i c l e  density 

and i s  more affected by the steepness of y1 

For the plasma pressure, we have the relat ion 

7 



A t  y1 = const, the  channel pressure does not change during the  expansion, 

in v i e w  of t h e  constancy of the temperature and of the pa r t i c l e  density. 

normal conditions the  pressures are of the order of 10’ - lo3 kg/cm”, but may 

Under 

be higher i f  t he  pulse steepness i s  greater. 

greater extent than on the pa r t i c l e  density ana to a much grestei-. ex%er;t, ?Am 02 

The pressure depends on y1 to  a 

the temperature. 

charges a t  suf f ic ien t ly  high temperatures. 

Hence, low pressures develop i n  inductance-inhibited dis- 

It follows f r o m  eqs. (4.3) - ( 4 . 8 )  that ,  i n  the  presence of a constant 

steepness of t he  e l ec t r i c  power pulse we are dealing with a steady-state regime 

of channel expansion, a t  constant values of temperature, plasma density, p l a sm 

pressure, and expansion rate. I n  t h i s  case, a shock front mves  a t  constant 

velocity and pressure ahead of the  expanding channel. 

This regime (or  one close t o  i t )  occurs in underwater sparks from the in- 

s t an t  of formation of the  discharge channel u n t i l  the ins tan t  of maximum elec- 

t r i c  power. 

the shock wave take form. 

During this in te rva l  of time, the  front  and near-frontregionsof 

The steady-state character of t he  channel expansion 

results i n  a trapezoidal shape of t he  pressure pulses in the shock wave. 

5. For a pulse discharge i n  water, after substi tution in to  eqs.(4.3) - 
( 4 . 8 )  of the numerical values of  the  quantit ies,  we obtain the following mrking 

f onnulas : 



(5.5 1 

3.3 - 101' 
. 1.7.10'' 

3.3*1@' 
1.7*10" 
3.3 io'' 

/1.5.10-~~,"* P n  = n/m* 4.3. 10-1' + 3.9.10-2' 

I n  these fonrmlas Cyl] = w/sec m. 

Table 1 presents the results of calculations f o r  several values of y1 as 

they occur in the  pulsed device a t  4 = 3 cm, 

188 
280 
330 
500 
800 

TABU 1 

5.1W 
1.4.109 
2.2.109 
5.9* lW 
Q.O*loW 

2.9-1016 400 
5.4.10?0 IOOB 
7.0.10" 1500 
1.3.10n 
1.7.101' gOB0 

T. "K - 
10 OOO 
13 m 
14 600 
i 9  00 
21 rn 

~ 

N partides 
I I 2  s p s w  

2.2- 101' 
9.3. IO" 
1.7-1oZa 
7.2.1On 
1.3.1W' 

6. Constancy of the ve loc i t ies  and pressures of the shock wave i s  ensured 

by the  influx of energy from the channel t o  the  shock f ront  across the  compressed 

liquid. 

From eq~~(3.5) and (4.3) it follows, f o r  the pressure a t  the  shock front,  

Substi tution of eq,(3.5) i n t o  the equation derived by Kirkwood and Bethe /56 
(Bibl.7) f o r  shock waves in l iquid media 

D = c @ +  =J* <?I + i ) u  I , 
permits obtaining the equation f o r  the velocity of the  shock f ront  D. 

The solution of this equation reads 

Here, co i s  the  speed of sound i n  the unperturbed medium, and n is an ex- 

ponent i n  the equation of s t a t e  of the medium, 

9 
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I n  accordance with eq.(6.2), f o r  a steady-state regime of channel expan- 

sion, the shock-wave velocity usually i s  within 1600 - 2000 m/sec, s l igh t ly  in- 

creasing with increasing yl. 

After the  e l e c t r i c  power maximum i s  reached, the channel character is t ics  

(T, n, pd ) decrease in absolute value together with the energy transmitted t o  

t h e  shock front,  thus resul t ing i n  a decrease in i t s  velocity and pressure. 

The subsequent movement of the  front i s  chiefly determined by the condi- 

t ions  of divergence of the  wave energy. 

If t h e  Channel character is t ics  and shock f r o n t  pressure i n  the regime of 

steady-state expansion depend only on yl, then the wave pressure a t  a distance 

from t h e  channel depends not only on y1 but  also,  and t o  a marked degree, on the 

r i s e  time of the power pulse T. 

In  cer ta in  cases, var ia t ions in t h e  c i r cu i t  parameters V, L, C y  4 may lead 

t o  opposite changes in y1 and T; then the  wave pressure a t  a distance f r o m  the 

channel will undergo no substant ia l  changes even i f  the  channel character is t ics  

change markedly i n  magnitude. 

After substi tution of the numerical values f o r  water, eqs.(6.1) and (6.2) 

become 

7. A s  a means of converting the e l ec t r i c  energy in to  shock-wave energy, 

underwater sparks are characterized by an electrohydrodynamic efficiency equal 

to  t h e  r a t i o  of the  shock-wave energy t o  the  e l ec t r i c  energy delivered t o  t h e  

spark channel by the  discharge circui t .  

According to eqs.(2.1), (2.3), (4.Ir), and (L .5 ) ,  f o r  a steady-state regime 

of channel expansion a t  y1 = const, the electrohydrodynamic efficiency w i l l  have 

10 
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t he  form 

(7.1) 

According to  eq.(7.1), under normal conditions, 7, i s  25 - 3G. In  Sec- 

t ion  2, we pointed out t ha t  half  of the  energy transmitted t o  the shock wave i s  

represented by the energy of compression of the  l iquid and the other half, by 

the k ine t ic  energy or? motion. 

For discharges i n  water, following substi tution of the  values, eq,(7.1) be- 

comes I 

Equations (7.1) and (7.2) determine 'tlB only f o r  the ascending segment of 

the  e l e c t r i c  power pulse and cannot be used f o r  czlculating the efficiency of 

the discharge as a whole. 

energy takes place continuously so long as power i s  delivered by t h e  discharge 

circuit. In addition, pa r t  of the  energy of the vapor-gas cavity is converted 

t o  hydrodynamic energy in the  course of postdischarge processes. 

The conversion of e l e c t r i c  energy t o  hydrodynamic 

Table 2 presents t he  results of calculations based on eqs.(6.3), (6 ,4 ) ,  

and (7.2). 

TABLE 2 

Iof fe  e t  al. (Bibl.8) used a different  procedure i n  deriving a system of 

equations f o r  the rate of expansion of t he  channel and i ts  pressure. 

11 
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8. The degree t o  which the  theoretical  findings agree with the experimental 

data of a series of investigations i s  shown by Table 3. 

TABLE 3 - 

The author i s  indebted t o  N.A.Roy and D.P.Frolov f o r  t h e  presentation of a 

series of experimental findings. 
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